Abstract. The present study investigated the in vitro viability of cryopreserved-thawed ovine embryos by three methods, slow freezing (ethylene glycol (EG)-3 step method), freezing for direct transfer (Direct method) and vitrification (Experiment 1), and the in vivo viability by two transfer methods, direct ET (d-ET) and stepwise ET (s-ET), for the Direct method and vitrified embryos, respectively (Experiment 2). In vivo produced embryos (morula and blastocyst) were recovered from 79 superovulated and artificially inseminated ewes, and were cryopreserved by three methods: EG-3 step method, Direct method and vitrification. In Experiment 1, all thawed embryos were removed from the respective cryoprotectants and cultured for 144 h. There were no significant differences among in the mean survival rates, normal hatching rates (by 72 h) and hatching rates (by 144 h) of the three methods. The viability of frozen-thawed embryos by the EG-3 step method tended to be higher than that of the other methods, but some of the viable embryos frozen by the EG-3 step method had delayed hatching or were degenerated (28.6% vs. 16.7% for Direct method and 6.7% for vitrification). In Experiment 2, the frozen-thawed embryos were transferred by s-ET and d-ET. The pregnancy and lambing rates of both transfer methods for embryos frozen-thawed by the Direct method were 25.0%, but the subsequent viability of embryos in d-ET was higher than that of s-ET (the survival rates of transferred embryos, 18.8% vs. 10.0%, and the efficiency of embryonic utility, 18.8% vs. 3.7%). Sixtynine percent (20/29) of vitrified-warmed embryos with normal morphology were transferred to 8 ewes by s-ET resulting in a lambing rate of 62.5%. The present results indicate that direct transfer of frozen-thawed ovine embryos is practical, and vitrification is a useful cryopreservation method with less influence on embryonic developmental ability.
he embryo cryopreservation technique is convenient for embryo transfer (ET) because the frozen-thawed embryos can be transferred whenever there are recipient animals available. The main current cryopreservation method is the slow freezing method [1] [2] [3] [4] , but this method is time-consuming and requires expensive equipment such as a Planer programmable freezer.
Recently, vitrification has been the subject of attention. A whole solution containing embryos can be vitrified. Embryos are exposed to a solution containing a single or c omplex p ermeated c r y o p r o t e c t a n t s i n a h i g h c o n c e n t r a t i o n (approximately 6 to 8 mol or more), then plunged directly with a little solution into liquid nitrogen (LN2) [5] [6] [7] [8] [9] [10] [11] . This method has several advantages: a Planer programmable freezer is not required; it is less time-consuming; and there is no intracellular ice formation which is a major cause of cell injury during freezing. However, vitrification solutions are cytotoxic and there is the possibility of osmotic damage and salt injury due to a high concentration of cryoprotectants with biological toxicity. T h er e f o r e , t h e v i a b i l i t y o f e m b r y o s a f t e r vitrification is influenced by the exposure time and temperature, and also the skills of the handler.
The major transfer method of frozen-thawed embryos is the stepwise method in which frozenthawed embryos are released form cryoprotectants in a straw, the cyoprotectants are diluted and removed, and only the good morphological embryos are transferred to the uteri of recipient animals. However, the transfer method requires a certain time between thawing and transfer, during which the viability of the embryos may be reduced, and also at thawing, the stepwise method needs equipment, such as a clean bench and others. Recently, the direct transfer method has been attempted immediately after thawing. A freezing solution containing micro-molecular permeating agents, such as ethylene glycol (EG) and propylene glycol (PpG), have been used for bovine ET [1, 2, 10, 11] .
In the present study, embryos (morula to blastocyst) recovered from superovulated ewes were cryopreserved by a slow freezing method using an EG-PpG based solution, an EG-PpG based solution for direct transfer method, and a glycerol (GLY)-EG based solution for the vitrification method. The objectives of this study were to investigate the in vitro viability of cryopreservedthawed ovine embryos of three cryopreservation methods (Experiment 1), and the in vivo viability between transfer methods (stepwise ET and direct ET) using a laparoscope for the direct transfer method, and a step-wise dilution for the transfer of vitrified embryos (Experiment 2).
Materials and Methods

Donor ewes
From April to December, 2000, 79 donor ewes were treated with a vaginal sponge impregnated with synthetic progesterone (FGA sponge: chronogest; intervet, Boxmeer, Holland) for 12 days, followed by single 20 mg FSH and 250 IU eCG injections for estrous synchronization and superovulation [12] . All ewes were inseminated at 32 to 36 h after FGA sponge removal and embryos were recovered surgically by uterine flushing 5 days after insemination.
Freezing-thawing and vitrification-warming
After recovery, the embryos were brought to our laboratory in a modified synthetic oviduct fluid medium (mSOFM-aaci) containing 0.8% bovine serum albumin (BSA), 2% MEM essential amino acids, 1% MEM non-essential amino acids, 0.34 mM Tri-Sodium-Citrate and 2.77 mM Myo-Inositol, containing 4.0 mM NaHCO3 and 10.5 mM HEPES (SOF-wash). The stages (morula and blastocyst) and ranks (A: excellent, B: good, C: fair and D: de ge ne ra tio n) of re c over ed em bryos we r e determined during washing in a basic medium (BM) for the respective methods. Only the embryos ranked A or B were used for the experiments.
EG-3 step method: The BM for freezing was Dulbecco's Phosphate-Buffered Saline (D-PBS) containing 0.5% BSA, and equilibrating and diluting manipulations were carried out on a warm-plate at 37 C. Embryos were equilibrated in solutions of BM containing 0.5 M, 1.0 M, 1.5 M EG, for 5, 5 and 10 minutes, respectively, then loaded into 0.25 ml plastic straws which exposed to the freezing solution (1.5 M EG solution). They were placed in a Planr programmable freezer (ET-1, Fujihira Ind. Co., Tokyo, Japan) cooled to 0 C, cooled at 1 C / min to -6.5 C, seeded and kept for 5-10 min at this temperature, then cooled at 0.3 C/ min to -30 C. The straws were taken out quickly from the ethanol bath, held horizontally in LN2 vapor for 5 sec, then plunged into LN2 and stored until examination. For thawing, the straws were taken out from LN2 , air-thawed for 10 sec and then plunged into a water-bath at 25 to 30C for 20 sec. After thawing, the embryos were transferred to 0.25 M sucrose (SUC) solution and equilibrated for 10 min for dilution of cryoprotectants and washed twice in BM.
Direct method: The BM and equilibrating temperature were the same for the EG-3 step method. Freezing and thawing protocols were followed by the modified methods of Aoyagi et al. [2] (Solution A; 4% EG, 4% PpG and 4% BSA in D-PBS, Solution B; 0.3 M SUC in D-PBS) (2 embryos per straw). Briefly, embryos were equilibrated in Solution A for 3 min at 37 C and loaded into a 0.25 ml straw. The straws were cooled to -6 C, seeded, cooled at 0.5 C/min to -35 C and then plunged into LN 2 . The straws were thawed by holding in air for 5-6 sec and then in 25 C water for complete thawing. After thawing, the embryos were transferred to solution B and equilibrated for 5 min, then washed twice in BM for dilution and removal of cryoprotectants.
Vitrification: The BM for vitrification was D-PBS containing 20% new-born calf serum (NBCS), and equilibrating manipulations were carried out at room temperature and diluting manipulations were carried out at 37 C according to the methods of Dattena et al. [5] . Embryos were equilibrated in 10% GLY medium for 5 min and 10% GLY and 20% EG medium for 5 min, in order. Then, they were transferred to a 25 µl drop of 25% GLY and 25% EG medium (vitrification solution: VS), loaded into straw with the drop and immersed into LN2 slowly within 30 sec of transfer to VS. Warming was carried out in the straw in air for 6 sec followed by plunging into a water-bath at 37 C for 15 to 20 sec. Then, the embryos were transferred to 0.5 M, 0.25 M and 0.125 M SUC solutions in that order for 3 min respectively, and washed twice in BM.
The freezing protocols and compositions of the solutions used in the loading of straws, are shown in Table 1 and Fig. 1 .
Experiment 1
After washing in respective BM, embryos were washed 3-times in SOF-wash and once in 25.0 mM NaHCO 3 buffered mSOFM-aaci (SOF-D) then transferred to a 20 µl drop of SOF-D covered with mineral oil (4 to 6 embryos per drop). The embryos were cultured at 39 C in an atmosphere of 5% CO 2 , 5% O 2 , 90% N 2 and saturated humidity.
The culturing embryos were observed every 24 h and examined for survivability: blastocele formation for morula stage embryos, re-expansion for blastocyst stage embryos. The hatching rate was expressed as the number of embryos hatched from zona pellucida by 144 h, and the normal hatching rate was expressed as the number of hatched blastocysts by 72 h in culture.
Experiment 2
Pretreatment for recipient ewes: Recipient ewes were treated with a controlled internal drug release containing 0.3 g progesterone (CIDR: CIDR-G; InterAg, New Zealand) or FGA sponge for 12 days and an injection of 500 IU eCG 1 day before CIDR or FGA sponge removal and were synchronized for estrus. Seven days after CIDR or FGA sponge removal, the ewes with a newly formed corpus luteum (CL) on either or both ovaries were treated with 0.5 mg ritodrine hydrochloride (Utemerin; Kissei, Co., Matsumoto, Japan), a smooth uterine muscle relaxant, before transfer and were used for ET with a laparoscope [3, 13, 14] .
Comparison with transfer methods: Twelve recipients and 43 frozen-thawed embryos by the Direct method (39 morulae and 4 blastocysts) were used for comparison of transfer methods (stepwise ET: 25 morulae and 2 blastocysts, direct ET: 14 morulae and 2 blastocysts) in June, 2000. In stepwise ET, the embryos were diluted and removed of cryoprotectants as described in Experiment 1 and washed in SOF-wash. Only the morphologically good embryos were loaded into a catheter (Sovereign Tom Cat Catheter; Sherwood Medical, St Louis, U.S.A) and transferred to the tip of the uterine horns of recipients (2 to 3 embryos per recipient). In direct ET, the straws were thawed and shortened by cutting each end. Then, the both sides of the straws were attached to either a 1-ml syringe or a catheter, and the embryos were expelled into the uterine horns (2 embryos per recipient). The pregnancy was examined at 67 days after ET by ultrasonic scanning.
Transfer of vitrified embryos: Transfer of vitrified embryos was carried out in December, 2000. Twenty-nine embryos (22 morulae and 7 blastocysts) were warmed and selected. Only t w e n t y g o o d e m b r y o s ( 1 3 m o r u l a e a n d 7 blastocysts) were transferred by the stepwise method (2 to 4 embryos per recipient). The pregnancy was examined at 47 days after ET by ultrasonic scanning.
Statistical analysis: All data in Experiment 1 were compared by a means of a Statistical Analysis System (SAS)'s general linear models (GLM), combined with the Duncan's multiple range test. The survival rate after ET was expressed by the number of new-born lambs to the number of transferred embryos, and the efficiency of embryonic utility was expressed by the number of new-born lambs to the number of thawed embryos.
Results
Experiment 1
The results of Experiment 1 are shown in Table 2 . There were no significant differences among the 
Experiment 2
The results of Experiment 2 are shown in Table 3 . The time taken for transfer ranged from 30 min to 1 h in stepwise ET, and 37% (10/27) of thawed embryos with the normal morphology were transferred. In direct ET, all thawed embryos were transferred within 3 min after thawing. The pregnancy and lambing rates of both transfer methods were 25.0%. The subsequent viability (the survival rate of transferred embryos and the efficiency of embryonic utility) were 18.8% and 10.0% for direct ET and 18.8% and 3.7% for stepwise ET.
The time taken for transfer of vitrified embryos was within 20 min after warming. The pregnancy and lambing rates in the ewes transferred with vitrified embryos were 62.5% for both. Also, the transfer of vitrified embryos resulted in a high survival rate (40.0%) and embryonic utility (27.6%).
Discussion
The results of in vitro culture after thawing showed that there were no significant differences among the three cryopreservation methods (Experiment 1). In the EG-3 step method, some of the surviving embryos required more time (by 6 days after culture) for hatching or were not able to hatch from zona pellucida (total 28.6%
T h e cryoprotectant in this freezing solution was a micro-molecular permeating agent only and did not contain non-permeating agents such as small saccharides, and it appears that rehydration and removal of permeated cryoprotectant occurred suddenly. Therefore, it could be expected that the intercellular junctions and organelles, e.g. mitochondria and microvilli, would be damaged a n d d i d n o t r e c o v e r c a v i t a t i o n w e l l [ 4 ] . Intracellular dehydration might have been inadequate causing intracellular ice formation, and the embryonic cells might have been damaged by the cytotoxicity of the concentrated solution and osmotic change after thawing [9] , but the precise causes were not clarified in this study.
The in vitro survival rate of the Direct method was low (15.4%). The low in vitro viability of embryos may have resulted from the cooling rate after seeding in the Direct method being too fast (0.5 C/min) to dehydrate the ovine embryos enough, because ovine embryos are usually cooled at 0.3 C/min in slow freezing, but this reason was not clarified. The vitrification solution has heavy cytopathy b e c a u s e o f t h e h i g h c o n c e n t r a t i o n o f cryoprotectants. For transfer, 9 out of 29 vitrified embryo s we re degenerated af ter th awing. However, the embryos had morphologically survived at least immediately after thawing with little-degenerated cytoplasm and cell membrane, and were almost similar to the morphological status before vitrification. Furthermore, surviving embryos cultured in vitro had little cytopathy (6.7%). Therefore, it appears that the present v i t r i f i c a t i o n m e t h o d i s e f f e c t i v e f o r cryopreservation with little influence on the developmental abilities.
Serum is generally supplemented for promotion of intracellular vitrification. However, it has been reported that serum originating in vivo can mix with some unknown factors and pathogens, and the use of serum has remained controversial [15] . The vitrification solutions using in this study contained serum. Therefore it will be necessary to investigate substitutes for serum, because it has been reported recently that some methods containing synthetic macromolecules, such as polyvinylpyrrolidone (PVP) [10, 11, 16] and polyvinyl alchohol (PVA) [17] with low biological activity and low cytotoxicity have benefited composition and enhanced vitrification.
At the time of embryo transfer, it is desirable that frozen-thawed embryos are transferred into the uterus as soon as possible, and the interval between post-thawing and transfer has a large influence on the subsequent viability. The stepwise ET requires a l o n g t i m e u n t i l t r a n s f e r a n d t h e m a n y manipulations may affect embryonic survival. In contrast, in direct ET, embryos are deposited into uterus immediately after thawing and thus, the above mentioned factors decreasing viability before transfer are avoided. Therefore, it should be expected that the efficiency of embryonic utility in direct ET tended to be higher than in stepwise ET, in spite of the fact that there is a possibility that embryos degenerated during freezing-thawing process are also transferred.
Generally, the embryonic quality decreases during freezing and thawing, and the use of low quality embryos are not suitable for direct ET [3] . Low quality embryos can not be identified without microscopic examination and it is a requirement that direct ET can be easily performed by field technicians. However, there are cases when the animal manager may request the stepwise method to increase the reproductive efficiency of recipients, since morphologically abnormal embryos are not transferred after cryoprotectant removal. For these reasons, a method needs to be developed which can observe morphological status and uses a freezing solution which suppresses deterioration of embryonic quality at direct ET. For instance, it has been reported that the supplementation of trehalose into a freezing solution has greatly suppressed degeneration of protein and lipid, and stabilized toxic activities such as superoxide dismutase (SOD), and also that PVP decreased embryonic damage and improved the embryo viability in direct transfer [10, 11] .
In conclusion, the present results indicate that direct ET with a laparoscope could be practical in sheep, and that the transfer could take place immediately after thawing. In the future, the tran sf er m e thod co mbin ing direct ET an d vitrification should be investigated.
